locus within the cyclin D2 gene on chromosome 12p13.32 (rs3217810 per risk allele; OR, 0.84; P ϭ 5.9 ϫ 10 Ϫ8 ), and a locus in the T-box 3 gene on chromosome 12q24.21 (rs59336; OR, 0.91 per risk allele; P ϭ 3.7 ϫ 10 Ϫ7 ). CON-CLUSIONS: In a large genome-wide association study, we associated polymorphisms close to nucleic acid binding protein 1 (which encodes a DNA-binding protein involved in DNA repair) with colorectal tumor risk. We also provided evidence for an association between colorectal tumor risk and polymorphisms in laminin gamma 1 (this is the second gene in the laminin family to be associated with colorectal cancers), cyclin D2 (which encodes for cyclin D2), and T-box 3 (which encodes a T-box transcription factor and is a target of Wnt signaling to ␤-catenin). The roles of these genes and their products in cancer pathogenesis warrant further investigation.
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C olorectal cancer has a sizable heritable component; a large twin study estimated that 35% of colorectal cancer risk may be explained by heritable factors. 1 Over the past several years, genome-wide association studies (GWAS), which focus on common single-nucleotide polymorphisms (SNPs), successfully have discovered low-penetrance loci for colorectal cancer. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] These analyses have highlighted genes within the known transforming growth factor-␤ and Wnt signaling pathways (eg, bone morphogenetic protein 2 & 4, SMAD7) , as well as regions and genes not previously strongly implicated in colorectal cancer (eg, zinc finger protein 90, laminin alpha 5, disco-interacting protein 2), thereby highlighting pathways previously not understood to be involved in colorectal carcinogenesis. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] To identify additional common genetic risk factors for colorectal tumors, we conducted a genome-wide scan across 14 independent studies including nearly 28,000 subjects and follow-up evaluation of nearly 10,000 independent subjects. We included both colorectal cancer cases and colorectal adenoma cases. Colorectal adenoma is a well-defined colorectal cancer precursor 13 and the majority of colorectal cancers develop through the adenoma-cancer sequence. 14 It has been estimated that the 10-year cumulative rate for advanced adenoma to transition to colorectal cancer is between 10% and 45%, depending on age and sex. 13, 15, 16 Accordingly, the 2 phenotypes have overlapping etiology. 17 Inclusion of adenoma cases can increase sample size, and hence statistical power, to identify genetic risk factors related to early events in the adenoma-carcinoma process, during which risk factor intervention strategies may offer the greatest potential benefit for cancer prevention.
Materials and Methods

Study Participants
Each study is described in detail in the Supplementary Materials and Methods section and the number of cases and controls as well as age and sex distributions are listed in Supplementary Table 1 . In brief, colorectal cancer cases were defined as colorectal adenocarcinoma and confirmed by medical records, pathologic reports, or death certificate. Colorectal adenoma cases were confirmed by medical records, histopathology, or pathologic reports. Controls for adenoma cases had a negative colonoscopy (except for the Nurses' Health Study and the Health Professionals Follow-up Study controls matched to cases with distal adenoma, which either had a negative sigmoidoscopy or colonoscopy examination). All participants provided written informed consent and studies were approved by their respective institution's Institutional Review Boards.
Genotyping
GWAS in the Genetics and Epidemiology of Colorectal Cancer Consortium and the Colon Cancer Family
Registry. We conducted a meta-analysis of GWAS from 13 studies within the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO) (10,729 cases and 13,328 controls) and additional GWAS within the Colon Cancer Family Registry (CCFR) (1967 cases and 1785 controls). Details on genotyping, quality assurance/quality control, and imputation can be found in the Supplementary Materials and Methods section. Average sample and SNP call rates and concordance rates for blinded duplicates are listed in Supplementary Table 2 . In brief, all analyses were restricted to European ancestry. Genotyped SNPs were excluded based on call rate (Ͻ98%), lack of Hardy-Weinberg equilibrium in controls (HWE, P Ͻ 1 ϫ 10 Ϫ4 ), and low minor allele frequency (MAF). Because imputation of genotypes is established as standard practice in the analysis of genotype array data, we imputed the autosomal SNPs of all studies to the Utah residents with Northern and Western European ancestry from the Centre d'etude du polymorphisme humain (CEPH) collection (CEU) population in HapMap II (available at: http://hapmap.ncbi.nlm.nih.gov/). Imputed SNPs were restricted based on MAF (Ն1%) and imputation accuracy (R 2 Ͼ 0.3). After imputation and quality control (QC), a total of 2,708,280 SNPs were used in the meta-analysis of GECCO studies and CCFR. In our detailed result table (Supplementary Table  3) , we list for each SNP the number of studies with directly genotyped or imputed data and the mean imputation R 2 . These data show, as expected, that imputed SNPs tend to show very similar results as SNPs that were directly genotyped if the correlation is high between SNPs.
Follow-up studies. We selected the 10 most statistically significant regions (excluding known GWAS loci) based on the P value from the GECCO and CCFR meta-analysis for further follow-up evaluation in colorectal cancer studies in the Asian colorectal cancer consortium and a US-based colorectal adenoma study. Details on genotyping, quality assurance/quality control, and imputation can be found in the Supplementary Materials and Methods section. After quality control exclusions, 2098 colorectal cancer cases and 5749 controls, and 958 colorectal adenoma cases and 909 controls remained in the analysis.
Statistical Analysis
GWAS in GECCO and CCFR. Statistical analyses of the GECCO and CCFR samples were conducted centrally at the coordinating center on individual-level data to ensure a consistent analytic approach. For each study, we estimated the association between SNPs and risk for colorectal cancer by calculating ␤ values, odds ratios (ORs), standard errors, 95% confidence intervals, and P values using logistic regression models with log-additive genetic effects. Each directly genotyped SNP was coded as 0, 1, or 2 copies of the risk allele. For imputed SNPs, we used the expected number of copies of the risk allele (the dosage), which has been shown to provide unbiased estimates in the association test for imputed SNPs. 18 We adjusted for age, sex (when appropriate), center (when appropriate), smoking status (Physicians' Health Study only), batch effects (The french Association STudy Evaluating RISK for sporadic colorectal cancer), and the first 3 principal components from EIGENSTRAT (available at: http://genepath.med.harvard.edu/ϳreich/EIGENSTRAT. htm) to account for population substructure. Because CCFR set 2 is a family-based study, we used a conditional logistic regression stratified by family identification while adjusting for age and sex. When analyzing genotyped SNPs on the X chromosome we need to account for different genotype variances between males and females. Therefore, we used the 1 degree of freedom modified Cochran-Armitage test 19 to test for associations. This method has been shown to have robust and powerful performance across a wide range of scenarios. 20 We used logistic regression to model SNP ϫ SNP interaction effects for a logadditive model, in which the interaction term is the product of the 2 SNPs.
Quantile-quantile plots were assessed to determine whether the distribution of the P values in each study was consistent with the null distribution (except for the extreme tail). We also calculated the genomic inflation factor () to measure the overdispersion of the test statistics from the association tests by dividing the median of the squared Z statistics by 0.455, the median of a chi-squared distribution with 1 degree of freedom. The inflation factor was between 0.999 and 1.044 for individual studies based on all SNPs including both directly genotyped and imputed, indicating there is little evidence of residual population substructure, cryptic relatedness, or differential genotyping between cases and controls. This result was consistent with the visual inspection of the study-specific quantile-quantile plots.
We conducted inverse-variance weighted, fixed-effects metaanalysis to combine ␤ estimates and standard errors across individual studies. In this approach, we weighed the ␤ estimate of each study by its inverse variance and calculated a combined estimate by summing the weighted ␤ estimates and dividing by the summed weights. For imputed SNPs, it has been shown that the inverse variance is approximately proportional to the imputation quality. 18 Thus, the inverse variance weighting scheme automatically incorporates imputation quality in the meta-analysis for imputed SNPs. We calculated the heterogeneity P values based on Cochran's Q statistic 21 and investigated sources for heterogeneity if the P value was less than .05 for the 10 most significant SNPs. For the most significant SNPs highlighted in this article, we also examined recessive and unrestricted genetic models and compared models by calculating the Akaike information criterion. We used PLINK (available at: pngu.mgh.harvard. edu/ϳpurcell/plink/) 22 and R (available at: http://www.r-project. org/) 23 to conduct the statistical analysis and summarized results graphically using LocusZOOM (available at: http://csg. sph.umich.edu/locuszoom/). 24 Follow-up studies. The 10 most significant SNPs from the GWAS meta-analysis described earlier were analyzed in the follow-up studies (P values from GWAS meta-analysis 2.5 ϫ 10 Ϫ7 to 6.5 ϫ 10 Ϫ6 ). For the Asian colorectal cancer follow-up study, genotyped SNPs and dosage data of imputed SNPs were analyzed using the program mach2dat (available at: http:// www.sph.umich.edu/csg/abecasis/MACH/download/). 25 The association between SNP and colorectal cancer risk was assessed using logistic regression with log-additive genetic effects after adjusting for age and sex. Meta-analyses were performed using the inverse-variance method based on a fixed-effects model, and calculations were implemented in the METAL package (available at: http://www.sph.umich.edu/csg/abecasis/metal/). 26 Because the MAF in the Asian follow-up population was very low for the locus on chromosome 14q23.1 (MAF, 0 -0.006 in Han Chinese individuals from Beijing, China), we excluded this SNP from the follow-up evaluation in the Asian studies. Given potential differences in the linkage disequilibrium structure between European and Asian descent subjects, we also included all SNPs correlated with these 10 selected SNPs (r 2 Ͼ 0.5 in CEU).
For the adenoma follow-up study (all European descent), the association between each genetic marker and risk for colorectal adenoma was estimated by calculating ORs and 95% confidence intervals, using a log-additive genetic model. SNPTESTv2.2.0 (available at: https://mathgen.stats.ox.ac.uk/genetics_software/ snptest/snptest.html) with the "-method score" option 27 was used for logistic regression with the frequentist test, and the model was adjusted for age and sex.
For a combined analysis of GWAS and follow-up results, we conducted inverse-variance weighted fixed-effects meta-analysis to combine ORs from log-additive models across individual studies and measured heterogeneity using Cochran's Q statistic, as discussed earlier.
Criterion for genome-wide significance. Based on an increasing number of articles 28 -33 providing a detailed discussion on the appropriate genome-wide significance threshold, which all arrive at similar values in the range of 5 ϫ 10 Ϫ7 to 5 ϫ 10 Ϫ8 for European populations, we decided to use a P value of 5 ϫ 10 Ϫ8 as the genome-wide significance threshold. In addition, we reported on SNPs with P values between less than 5 ϫ 10 Ϫ7 and greater than 5 ϫ 10 Ϫ8 as a potentially novel SNP that merited additional follow-up evaluation.
Heritability estimates. We estimated the additive heritability of colorectal cancer explained by all genotyped SNPs using the method by Yang et al 34 and implemented in the Genome-wide Complex Trait Analysis tool. 35 We set the prevalence of colorectal cancer to 0.004, based on Surveillance, Epidemiology and End Results incidence and National Center for Health Statistics mortality statistics. 36 We used all genotyped SNPs of Darmkrebs: Chancen der Verhütung durch Screening set II and Diet, Activity, and Lifestyle Study set I given the sizable sample set, different genotyping platforms, and inclusion of both sexes (Supplementary Table 1 ). We also estimated the heritability of previously and newly identified variants by using the method of So et al. 37 Furthermore, we used the method described by Park et al 38 to estimate the total number of loci expected to be identified for colorectal cancer based on the observed effect sizes and power for identifying the loci known to date (Table 1 and Supplementary Table 4) .
Functional annotation of findings. We conducted a functional annotation for all tagging SNPs (and correlated SNPs) highlighted in this article. As detailed in the Supplementary Materials and Methods section, we queried multiple bioinformatic databases based on the University of California, Santa Cruz genome browser.
tified GWAS SNPs were highly significantly associated with colorectal cancer, and overall we found a nominal significant association (P Ͻ .05) in the same direction for 16 of 18 previously identified GWAS loci (Supplementary  Table 4 ). After excluding previously identified regions, we followed up the 10 most significant regions from the GWAS meta-analysis (P ϭ 2.5 ϫ 10 Ϫ7 to 6.5 ϫ 10 Ϫ6 ; Supplementary Table 3 ). In 4 regions the follow-up studies showed evidence of replication with the association in the same directions as the GWAS and an overall improved significance level (Table 1) . Of these 4 regions, 1 region reached the conventional genome-wide significance level at a P value less than 5.0 ϫ 10 Ϫ8 in the combined analysis (GWAS ϩ follow-up evaluation). This region was on chromosome 2q32.3 (rs11903757: OR, 1.16 per risk allele; P ϭ 3.7 ϫ 10 Ϫ8 ; Table 1 and Supplementary Figure 2) . The SNP showed no evidence for heterogeneity (P ϭ .27) across all studies. The SNP was correlated strongly (r 2 Ͼ 0.9) with several SNPs in the same region, which showed similar results (Supplementary Figure 3 and Supplementary Table 3 ).
The other 3 regions had P values less than 5.0 ϫ 10 Ϫ7 (and P Ͼ 5.0 ϫ 10 Ϫ8 ) in the combined analysis (GWAS ϩ follow-up evaluation). Reporting by chromosomal position, the first of these 3 regions was on chromosome 1q25.3. In this region, the association with rs10911251 had the lowest P value (OR, 1.09 per risk allele; P ϭ 9.5 ϫ 10 Ϫ8 ; Table 1 and Supplementary Figure 2) , showing no evidence of heterogeneity (P ϭ .69) across studies. This was correlated strongly with a large number of SNPs in the same region showing similar allele frequencies, risk estimates, and P values spanning across the entire laminin gamma 1 (LAMC1) gene (Supplementary Figure 3 and  Supplementary Table 3) .
The second region with P values less than 5.0 ϫ 10 Ϫ7 and greater than 5.0 ϫ 10 Ϫ8 was on chromosome 12p13, within the cyclin D2 (CCND2) gene. The most statistically significant SNP was rs3217810 (OR, 1.20 per risk allele; P ϭ 5.9 ϫ 10 Ϫ8 ; Table 1 and Supplementary Figure 2) . Furthermore, only 17.1 kb apart resides a second SNP, rs3217901, which was not strongly correlated with rs3217810 (r 2 ϭ 0.052-0.063) and showed a slightly lower significance level (OR, 1.10 per risk allele; P ϭ 4.9 ϫ 10 Ϫ7 ). Although the risk allele frequency of rs3217810 in our European descent studies was on average 0.16, this SNP is very uncommon in Asian populations (0.03 in Japanese in Tokyo, Japan, and 0.01 in Han Chinese individuals from Beijing, China) and, hence, the follow-up evaluation of rs3217810 did not include the Asian cases and controls. Both SNPs were not heterogeneous across studies (P for heterogeneity ϭ .51 and .91). When we included both SNPs simultaneously in the logistic regression analysis the significance of both SNPs was reduced (Supplementary Table 5 ).
The third region with P values less than 5.0 ϫ 10 Ϫ7 was in the T-box 3 (TBX3) gene on chromosome 12q24.21. The most statistically significant SNP in this region was rs59336 (OR, 1.09 per risk allele; P ϭ 3.7 ϫ 10 Ϫ7 ; Table 1 and Supplementary Figure 2) . Again, we observed no evidence for heterogeneity across studies (P ϭ .39).
We investigated if the 4 regions listed earlier might be more significant (lower P value) under a different genetic model than the log-additive model. None of the variants was more significant when we modeled the unrestricted, dominant, or recessive mode of inheritance (Supplementary Table 6 ).
When we stratified results by colorectal adenoma and cancer we observed stronger associations for adenoma compared with cancer for rs11903757 at 2q32.3, similar associations for rs3217810 and rs3217901 at 12p13/ CCDN2 and for rs59336 at 12q24.21/TBX3, and a weaker association for rs10911251 at 1q25.3/LAMC1 (Supplementary Table 7 ). For previously identified loci, in particular, associations for rs16892766 at 8q23.3/EIF3H and rs4939827 at 18q21/SMAD7 tended to be stronger for adenoma, whereas associations for other loci tended to be similar or weaker compared with cancer (Supplementary Table 4 ).
We observed no evidence for interaction between the SNPs in the newly identified regions or with SNPs in previously identified regions. The smallest P value for interaction was .017 for rs59336/TBX3 and rs11632715/ 15q13 and was not significant after accounting for multiple comparisons.
As popularized by Yang et al, 34 we estimated that the additive heritability of colorectal cancer explained by all genotyped SNPs would be 14.2% (standard error, 8.2%). The newly identified loci (Table 1 ) and previously identified loci (Supplementary Table 4 ) explained about 11% of the additive heritability and cumulatively these newly and previously identified loci explain 1.6% of the variation of colorectal cancer. Based on the study by Park et al 38 we estimated that the total number of loci expected to be identified for colorectal cancer would be between 239 and 500 if the type I error rate was between 5 ϫ 10 Ϫ7 and 5 ϫ 10 Ϫ8 .
Discussion
In this large genome-wide scan meta-analysis and follow-up evaluation of a total of close to 38,000 subjects, we identified an intergenic region on chromosome 2q32.3 close to nucleic acid binding protein 1 (NABP1) that was associated with colorectal tumor risk with P values less than 5.0 ϫ 10 Ϫ8 , the conventional genome-wide significance level. Furthermore, we identified 3 regions with P values less than 5.0 ϫ 10 Ϫ7 : one on chromosome 1q31 in LAMC1, a second on chromosome 12p13 in CCND2, and a third on chromosome 12q24.21 in TXB3. All showed highly significant associations with P values less than 5 ϫ 10 Ϫ7 .
Our study provides strong support for an intergenic locus on chromosome 2q32. 3 39 Single-stranded DNA binding proteins are important for diverse DNA processes, such as DNA replication, recombination, transcription, and repair. 40 -42 Cells depleted of NABP1 show hypersensitivity to DNA-damaging reagents; NABP1 participates in repair of DNA double-strand breaks and ataxia telangiectasia mutated-dependent signaling pathways, 43 similar to the role of its homolog, NABP2 (which is also known as human single-strand DNA binding protein 1). 39 Although our functional annotation did not provide further insights on the function of the SNPs, the biologic data described earlier support the importance of NABP1 with respect to genomic stability, which could explain a link to the development of cancer. 44 In addition to the genome-wide significant region we observed 3 regions that were slightly less significant with P values less than 5 ϫ 10 Ϫ7 but greater than 5 ϫ 10 Ϫ8 . As has been shown previously, 45 a large fraction of SNPs with borderline genome-wide-significant associations replicated when results from additional studies were added, suggesting that further follow-up evaluation of these regions is warranted. The first of these 3 regions was on chromosome 1q31 and included correlated SNPs showing associations that spanned across the LAMC1 gene. Interestingly, previous genome-wide scans of colorectal cancer identified a different laminin gene on chromosome 20q13.33, laminin alpha 5, as associated with colorectal cancer, 9,11 supporting the importance of this gene family for the development of colorectal cancer. Laminins are extracellular matrix glycoproteins that constitute a major component of the basement membrane in most tissues 46 and in the colon are part of the intestinal epithelial barrier. Laminins are involved in a wide variety of biological functions, such as regulation of cell adhesion, differentiation, migration, signaling, and metastasis. [47] [48] [49] [50] Loss of cell-surface laminin anchoring has been found in many cancer cells, particularly those with aggressive subtypes. 51 LAMC1 is a large gene spanning 122 kb and containing 28 coding exons. rs10911251 is correlated strongly (r 2 Ͼ 0.8) with several other SNPs across the gene (Supplementary Figure 3 and Supplementary Table 3 ). Upon functional annotation, we identified a potential functional candidate (rs10911205) that is correlated strongly with the most significant tagSNP (r 2 ϭ 0.73) and located 72 kb upstream within the first intron of LAMC1. As shown in the University of California, Santa Cruz Genome Browser view (Supplementary Figure 4) , rs10911205 is located within a highly evolutionarily conserved region and, given its close proximity to the promoter, it is possible that this region influences gene transcription. In addition, the patterns of histone modifications and DNase signals indicating accessibility for transcription factors suggest that this variant may affect cell-type-specific enhancer activity. In summary, given the statistical evidence, support from functional annotation, and evidence from a previous GWAS that identified another laminin gene to be associated with colorectal cancer, we believe there is strong support for the importance of LAMC1 in the development of colorectal cancer. It is of note that the biologic role of this gene family has not yet been studied substantially in relation to colorectal cancer, supporting the novelty of this finding.
A second region with P values less than 5 ϫ 10 Ϫ7 was on chromosome 12p13.32, with 2 independent SNPs both located in the intron of CCND2, which belongs to the highly conserved cyclin family, specifically encoding for the protein cyclin D2. Through regulation of CDK4 and CDK6, cyclin D2 affects the cell-cycle transition of the G1/S phase. 52,53 Furthermore, cyclin D2 interacts with tumor-suppressor protein retinoblastoma. Recent studies have identified CCND2 as an microRNA target gene in different colorectal cancer cell lines. 54,55 Interestingly, genetic variants in CCND1 also have been related to colorectal cancer 56,57 and a previous GWAS identified a SNP in CCND1 to be associated with breast cancer. 58 The third region with P values less than 5 ϫ 10 Ϫ7 we identified was within the TBX3 gene, which encodes the T-box transcription factor. TBX3 is overexpressed in several cancers, including pancreas, liver, breast cancer, and melanoma, 59 playing multiple roles in normal development and cancer. 60 In liver cancer, TBX3 was identified as a downstream target of the Wnt/␤-catenin pathway, mediating ␤-catenin activities on cell proliferation and survival. 61 The Wnt/␤-catenin pathway plays a key role in colorectal cancer development. 62 TBX5, another member of the T-Box gene family, has been suggested as an epigenetically inactivated tumor-suppressor gene in colon cancer 63 and provides an additional mechanism by which this gene family may influence colorectal cancer development.
Our study adds further support for all, except 3, previously identified GWAS loci for colorectal cancer. The 3 SNPs (on chromosomes 1q41, 3q26.2, and 6p21) that did not replicate are among the more recently identified GWAS loci 9, 12 and have smaller effect sizes (OR for risk allele, Յ1.1) compared with the earlier GWAS findings. As a result, larger sample sizes may be needed to fully replicate these SNPs. Furthermore, it is possible that the effect varies by environmental exposures, which may differ among the study populations. Overall, effect sizes from our study for previous GWAS loci tend to be weaker than in the initial reports, which may be explained by the fact that previous results were subject to the "winner's curse." 64 The large sample size of our GWAS and follow-up studies and availability of individual-level GWAS data are important advantages of our study. However, the study also had limitations. To increase the sample size, we included Asian descent subjects, who may have different linkage disequilibrium patterns, and the SNPs analyzed may be tagging different underlying causal variants. To address this potential limitation we included all SNPs correlated with the most significant SNPs, which likely will identify any variant that genuinely is associated with colorectal cancer risk across different ancestral groups, as shown for other GWAS loci. [65] [66] [67] [68] Given that genotyping platforms only capture a subset of the genome, we used imputation to HapMap II to obtain a better coverage of the common variation across the genome and to generate a common set of SNPs from the different platforms. Because imputed SNPs tend to result in less significant findings depending on their imputation accuracy, 69 we expect that our results provide relative conservative significance levels. 70 Similar to previous GWAS, 2,4,6 -10,12 we included colorectal adenoma as the major precursor of colorectal cancer to improve our statistical power and to identify genetic variants that act early in the adenomacancer sequence, where adenomas and cancer have a shared etiology. Although the inclusion of adenoma also may add heterogeneity because adenomas will not show an association for genetic variants that act later in the carcinogenic process (ie, on progression from adenoma to cancer) or for variants that act through adenoma-independent pathways, stratified analysis may provide insights into the mediating roles of genes within the normal to adenoma to cancer pathway. We show that for some of the newly and previously identified loci, associations are stronger for adenomas compared with cancer; however, we observed similar or weaker associations for other loci. These results may suggest that some genes are important in early stages of cancer development while others may be more important for the progression from adenoma to cancer. However, given the relatively small number of adenoma cases (only 6.5% of the GWAS and 31% of the follow-up cases were adenoma cases), it is important that our findings are replicated in studies with larger numbers of adenoma cases.
In summary, in this large study, we identified one novel susceptibility locus associated with the risk of colorectal tumor on chromosome 2q32.3 close to NABP1, and 3 potential loci with borderline genome-wide significant results within LAMC1, CCND2, and TBX3. These findings are supported by biologic plausibility, functional annotation, and previous GWAS findings within the same gene family, emphasizing the potential relevance of these genes in the etiology of colorectal cancer.
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Supplementary Materials and Methods
Study Populations Included in GWAS and Follow-up Studies
GWAS in GECCO and CCFR. We describe each study population used in the GWAS. For information on sample sizes and demographic factors please see Supplementary Table 1 .
Ontario Familial Colorectal Cancer Registry. In GECCO, a subset of the Assessment of Risk in Colorectal Tumours in Canada from the OFCCR (Ontario Registry for Studies of Familial Colorectal Cancer) was used. Both the case-control study 1 and the OFCCR 2 have been described in detail previously, as have the GWAS results. 3 In brief, cases were confirmed incident colorectal cancer cases if they were ages 20 to 74 years, residents of Ontario, identified through comprehensive registry, and diagnosed between July 1997 and June 2000. Populationbased controls were selected randomly among Ontario residents (random-digit dialing and listing of all Ontario residents), and matched by sex and 5-year age groups. A total of 1236 colorectal cancer cases and 1223 controls were genotyped successfully on at least one of the following: Illumina 1536 GoldenGate assay (Illumina, Inc, San Diego, CA), the Affymetrix GeneChip Human Mapping 100K and 500K Array Set (Affymetrix, Inc, Santa Clara, CA), or a 10K nonsynonymous SNP chip. Analysis was based on a set of unrelated subjects who were nonHispanic, white by self-report, or by investigation of genetic ancestry. We further excluded subjects if there was a sample mix-up, if they were missing epidemiologic questionnaire data, if they were cases with a tumor in the appendix, or if they overlapped with the CCFR. In addition, only samples genotyped on the Affymetrix GeneChip 500K Array were used to avoid coverage issues in imputation.
The french Association STudy Evaluating RISK for sporadic colorectal cancer. Participants were recruited from the Pays de la Loire region in France between December 2002 and March 2006. 4 Eligibility criteria for cases included being Caucasian, age 40 years or older at diagnosis, and having no family history of colorectal cancer or polyps. Cases were patients with first primary colorectal cancer diagnosed in 1 of the 6 public hospitals and 5 clinics located in the Pays de la Loire region that participated in the study. Cases were confirmed based on medical and pathology reports. Controls were recruited at 2 Health Examination Centers of the Pays de la Loire region, and the recruitment of controls age 70 years and older was completed in the Departments of Internal Medicine and Hepatogastroenterology of the University Hospital Center of Nantes, located in the same region. Controls were eligible to participate if they were Caucasian, age 40 years or older, and had no family history of colorectal cancer or polyps. In the presence of the physician, each participant filled out a standardized questionnaire on family information, medical history, lifestyle, and dietary intake. Cases and controls provided a blood sample.
CCFR. The CCFR is a National Cancer Institutesupported consortium consisting of 6 centers dedicated to the establishment of a comprehensive collaborative infrastructure for interdisciplinary studies in the genetic epidemiology of colorectal cancer. 5 The CCFR includes data from approximately 30,500 total subjects (10,500 probands and 20,000 unaffected and affected relatives and unrelated controls). Cases and controls, age 20 -74 years, were recruited at the 6 participating centers beginning in 1998. CCFR implemented a standardized questionnaire that was administered to all participants and included established and suspected risk factors for colorectal cancer, which included questions on medical history and medication use, reproductive history (for female participants), family history, physical activity, demographics, alcohol and tobacco use, and dietary factors. The set 1 scan, which has been described previously, 6 included population-based cases and age-matched controls from the 3 population-based centers: Seattle, Toronto, and Australia. Cases were enriched genetically by oversampling those with a young age at onset or positive family history. Controls were matched to cases on age and sex. All cases and controls were self-reported as white, which was confirmed with genotype data. The set 2 scan included population-based cases and matched controls from all 6 colon CFR centers including the Mayo Clinic, Hawaii Cancer Registry, University of Southern California, Fred Hutchinson Cancer Research Center, Ontario Cancer Care, and University of Melbourne. As with set 1, cases were enriched genetically by oversampling those with a young age at onset or positive family history. Controls were same-generation family controls.
Darmkrebs: Chancen der Verhütung durch
Screening. This study was initiated as a large population-based, case-control study in 2003 in the RhineNeckar-Odenwald region (southwest region of Germany) to assess the potential of endoscopic screening for reduction of colorectal cancer risk and to investigate etiologic determinants of disease, particularly lifestyle/environmental factors and genetic factors. 7, 8 Cases with a first diagnosis of invasive colorectal cancer (International Classification of Diseases 10 codes C18-C20) who were at least 30 years of age (no upper age limit), German speaking, a resident in the study region, and mentally and physically able to participate in a 1-hour interview were recruited by their treating physicians either in the hospital a few days after surgery or by mail after discharge from the hospital. Cases were confirmed based on histologic reports and hospital discharge letters after diagnosis of colorectal cancer. All hospitals treating colorectal cancer patients in the study region participated. Based on estimates from population-based cancer registries, more than 50% of all potentially eligible patients with incident colorectal cancer in the study region were included. Community-based controls were selected randomly from population registries, using frequency matching with respect to age (5-year groups), sex, and county of residence. Controls with a history of colorectal cancer were excluded. Controls were contacted by mail and follow-up telephone calls. The participation rate was 51%. During an in-person interview, data were collected on demographics, medical history, family history of colorectal cancer, and various lifestyle factors, as were blood and mouthwash samples. The set 1 scan consisted of a subset of participants recruited up until 2007, and samples were frequency matched on age and sex. The set 2 scan consisted of additional subjects who were recruited until 2010 as part of this ongoing study.
Diet, Activity, and Lifestyle Study. DALS (Diet, Activity, and Lifestyle Study) was a population-based, case-control study of colon cancer. Participants were recruited between 1991 and 1994 from 3 locations: the Kaiser Permanente Medical Care Program of Northern California, an 8-county area in Utah, and the metropolitan Twin Cities area of Minnesota. 9 Eligibility criteria for cases included age at diagnosis between 30 and 79 years; diagnosis with first primary colon cancer (International Classification of Diseases for Oncology second edition codes 18.0 and 18.2-18.9) between October 1, 1991, and September 30, 1994; English speaking; and competency to complete the interview. Individuals with cancer of the rectosigmoid junction or rectum were excluded, as were those with a pathology report noting familial adenomatous polyposis, Crohn's disease, or ulcerative colitis. A rapid-reporting system was used to identify all incident cases of colon cancer, resulting in the majority of cases being interviewed within 4 months of diagnosis. Controls from the Kaiser Permanente Medical Care Program were selected randomly from membership lists. In Utah, controls younger than 65 years of age were selected randomly through random-digit dialing and driver's license lists. Controls, 65 years of age and older, were selected randomly from Health Care Financing Administration lists. In Minnesota, controls were identified from Minnesota driver's licenses or state identification lists. Controls were matched to cases by 5-year age groups and sex. The set I scan consisted of a subset of the study designed earlier, from Utah, Minnesota, and the Kaiser Permanente Medical Care Program, and was restricted to subjects who self-reported as white non-Hispanic. The set 2 scan consisted of subjects from Utah and Minnesota who were not genotyped in set 1. Set 2 was restricted to subjects who self-reported as white non-Hispanic and those who had appropriate consent to post data to dbGaP.
Hawaii Colorectal Cancer Studies 2 and 3. Patients with colorectal cancer were identified through the rapid reporting system of the Hawaii Surveillance, Epidemiology and End Results registry and consisted of all Japanese, Caucasian, and native Hawaiian residents of Oahu who were newly diagnosed with an adenocarcinoma of the colon or rectum between January 1994 and August 1998. 10 Control subjects were selected from participants in an ongoing population-based health survey conducted by the Hawaii State Department of Health and from Health Care Financing Administration participants. Controls were matched to cases by sex, ethnicity, and age (within 2 years). Personal interviews were obtained from 768 matched pairs, resulting in a participation rate of 58.2% for cases and 53.2% for controls. A questionnaire, administered during an in-person interview, included questions about demographics, lifetime history of tobacco, alcohol use, aspirin use, physical activity, personal medical history, family history of colorectal cancer, height and weight, diet (Food Frequency Questionnaire), and postmenopausal hormone use. A blood sample was obtained from 548 (71%) interviewed cases and 662 (86%) interviewed controls. Surveillance, Epidemiology and End Results staging information was extracted from the Hawaii Tumor Registry. In GECCO, self-reported Caucasian subjects with DNA, and clinical and epidemiologic data, were selected for genotyping.
Health Professionals Follow-up Study. The HPFS (Health Professionals Follow-up Study) is a parallel prospective study to the NHS (Nurses' Health Study). 11 The HPFS cohort comprised 51,529 men who, in 1986, responded to a mailed questionnaire. The participants were US male dentists, optometrists, osteopaths, podiatrists, pharmacists, and veterinarians born between 1910 and 1946. Participants provided information on healthrelated exposures, including current and past smoking history, age, weight, height, diet, physical activity, aspirin use, and family history of colorectal cancer. Colorectal cancer and other outcomes were reported by participants or next-of-kin and were followed up through review of the medical and pathology record by physicians. Overall, more than 97% of self-reported colorectal cancers were confirmed by medical record review. Information was abstracted on histology and primary location. Incident cases were defined as those occurring after the subject provided the blood sample. Prevalent cases were defined as those occurring after enrollment in the study but before the subject provided the blood sample. Follow-up evaluation has been excellent, with 94% of the men responding to date. Colorectal cancer cases were ascertained through January 1, 2008. In 1993-1995, 18,825 men in the HPFS mailed blood samples by overnight courier, which were aliquoted into buffy coat and stored in liquid nitrogen. In 2001-2004, 13,956 men in the HPFS who had not provided a blood sample previously mailed in a swish-and-spit sample of buccal cells. Incident cases were defined as those occurring after the subject provided a blood or buccal sample. Prevalent cases were defined as those occurring after enrollment in the study in 1986, but before the subject provided either a blood or buccal sample. After excluding participants with histories of cancer (except nonmelanoma skin cancer), ulcerative colitis, or familial polyposis, 2 case-control sets were constructed from which DNA was isolated from either buffy coat or buccal cells for genotyping, as follows: (1) a case-control set with cases of colorectal cancer matched to randomly selected controls who provided a blood sample and were free of colorectal cancer at the same time the colorectal cancer was diagnosed in the cases; and (2) a case-control set with cases of colorectal cancer matched to randomly selected controls who provided a buccal sample and were free of colorectal cancer at the same time the colorectal cancer was diagnosed in the case. For both case-control sets, matching criteria included year of birth (within 1 year) and month/year of blood or buccal cell sampling (within 6 months). Cases were pair-matched 1:1, 1:2, or 1:3 with a control participant(s).
In addition to colorectal cancer cases and controls, a set of adenoma cases and matched controls with available DNA from buffy coat were selected for genotyping. Over the follow-up period, data were collected on endoscopic screening practices and, if individuals had been diagnosed with a polyp, the polyps were confirmed to be adenomatous by medical record review. Adenoma cases were ascertained through January 1, 2008. A separate case-control set was constructed of participants diagnosed with advanced adenoma matched to control participants who underwent a lower endoscopy in the same time period and did not have an adenoma. Advanced adenoma was defined as an adenoma 1 cm or larger in diameter and/or with tubulovillous, villous, or highgrade dysplasia/carcinoma-in-situ histology. Matching criteria included year of birth (within 1 year) and month/ year of blood sampling (within 6 months), the reason for their lower endoscopy (screening, family history, or symptoms), and the time period of any prior endoscopy (within 2 years). Controls matched to cases with a distal adenoma either had a negative sigmoidoscopy or colonoscopy examination, and controls matched to cases with proximal adenoma all had a negative colonoscopy.
Multiethnic Cohort study. The MEC (Multiethnic Cohort) was initiated in 1993 to investigate the impact of dietary and environmental factors on major chronic diseases, particularly cancer, in ethnically diverse populations in Hawaii and California. 12 The study recruited 96,810 men and 118,441 women aged 45-75 years between 1993 and 1996. Incident colorectal cancer cases occurring since January 1995 and controls were contacted for blood or saliva samples. The median interval between diagnosis and blood draw was 14 months (interquartile range, 10 -19 mo) among cases and the participation rate was 74%. A sample of cohort participants was selected randomly to serve as controls at the onset of the nested case-control study (participation rate, 66%). The selection was stratified by sex, age, and race/ethnicity. Colorectal cancer cases were identified through the Rapid Reporting System of the Hawaii Tumor Registry and through quarterly linkage to the Los Angeles County Cancer Surveillance Program. Both registries are members of Surveillance, Epidemiology and End Results. In GECCO, self-reported white subjects from the nested case-control study described earlier with DNA and clinical and epidemiologic data were selected for genotyping.
Nurses' Health Study. The NHS cohort began in 1976 when 121,700 married female registered nurses age 30 -55 years returned the initial questionnaire that ascertained a variety of important health-related exposures. 13 Since 1976, follow-up questionnaires have been mailed every 2 years. Colorectal cancer and other outcomes were reported by participants or next-of-kin and followed up through review of the medical and pathology record by physicians. Overall, more than 97% of self-reported colorectal cancers were confirmed by medical-record review. Information was abstracted on histology and primary location. The rate of follow-up evaluation has been high: as a proportion of the total possible follow-up time, follow-up evaluation has been more than 92%. Colorectal cancer cases were ascertained through June 1, 2008. In 1989 -1990, 32,826 women in NHS I mailed blood samples by overnight courier, which were aliquoted into buffy coat and stored in liquid nitrogen. In 2001-2004, 29,684 women in NHS I who did not previously provide a blood sample mailed a swish-and-spit sample of buccal cells. Incident cases were defined as those occurring after the subject provided a blood or buccal sample. Prevalent cases were defined as those occurring after enrollment in the study in 1976 but before the subject provided either a blood or buccal sample. After excluding participants with histories of cancer (except nonmelanoma skin cancer), ulcerative colitis, or familial polyposis, 2 case-control sets were constructed from which DNA was isolated from either buffy coat or buccal cells for genotyping: (1) a case-control set with cases of colorectal cancer matched to randomly selected controls who provided a blood sample and were free of colorectal cancer at the same time the colorectal cancer was diagnosed in the case; and (2) a case-control set with cases of colorectal cancer matched to randomly selected controls who provided a buccal sample and were free of colorectal cancer at the same time the colorectal cancer was diagnosed in the cases. For both case-control sets, matching criteria included year of birth (within 1 year) and month/year of blood or buccal cell sampling (within 6 months). Cases were pair matched 1:1, 1:2, or 1:3 with a control participant(s).
In addition to colorectal cancer cases and controls, a set of adenoma cases and matched controls with available DNA from buffy coat were selected for genotyping. Over the follow-up period, data were collected on endoscopic screening practices and, if individuals had been diagnosed with a polyp, the polyps were confirmed to be adenomatous by medical record review. Adenoma cases were ascertained through June 1, 2008. A separate casecontrol set was constructed of participants diagnosed with advanced adenoma matched to control participants who underwent a lower endoscopy in the same time period and did not have an adenoma. Advanced adenoma was defined as an adenoma more than 1 cm in diameter and/or with tubulovillous, villous, or high-grade dysplasia/carcinoma-in-situ histology. Matching criteria included year of birth (within 1 year) and month/year of blood sampling (within 6 months), the reason for their lower endoscopy (screening, family history, or symptoms), and the time period of any prior endoscopy (within 2 years). Controls matched to cases with a distal adenoma either had a negative sigmoidoscopy or colonoscopy examination, and controls matched to cases with proximal adenoma all had a negative colonoscopy.
Physicians' Health Study. The PHS (Physicians' Health Study) was established as a randomized, doubleblind, placebo-controlled trial of aspirin and ␤-carotene among 22,071 healthy US male physicians, between 40 and 84 years of age, in 1982. 14, 15 Participants completed 2 mailed questionnaires before being assigned randomly, additional questionnaires at 6 and 12 months, and questionnaires annually thereafter. In addition, participants were sent postcards at 6 months to ascertain status. From August 1982 to December 1984, there were 14,916 baseline blood samples collected from the physicians during the run-in phase before randomization. When participants reported a diagnosis of cancer, medical records and pathology reports were reviewed by study physicians who were blinded to exposure data. Among those who provided baseline blood samples, colorectal cases were ascertained through March 31, 2008 , and controls were matched on age (within 1 year for younger participants, up to 5 years for older participants) and smoking status (never, past, current). Cases were pair-matched 1:1, 1:2, or 1:3 with a control participant(s). Because of DNA availability, samples were genotyped in 2 batches on the same platform at the same genotyping center at different time points.
Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial. The PLCO (Prostate, Lung, Colorectal Cancer, and Ovarian Cancer Screening Trial) enrolled 154,934 participants (men and women, aged between 55 and 74 y) at 10 centers into a large, randomized, 2-arm trial to determine the effectiveness of screening to reduce cancer mortality. Sequential blood samples were collected from participants assigned to the screening arm. Participation was 93% at the baseline blood draw. In the observational (control) arm, buccal cells were collected via mail using the swish-and-spit protocol; the participation rate was 65%. Details of this study have been described previously 16, 17 and are available online (http://dcp.cancer. gov/plco).
The set 1 scan included a subset of 577 colon cancer cases self-reported as being non-Hispanic white with available DNA samples, questionnaire data, and appropriate consent for ancillary epidemiologic studies. Cases were excluded if they had a history of inflammatory bowel disease, polyps, polyposis syndrome, or cancer (excluding basal or squamous cell skin cancer). Controls originated from the Cancer Genetic Markers of Susceptibility prostate cancer scan 18, 19 (all male) and the GWAS of Lung Cancer and Smoking 20 (enriched for smokers), along with an additional 92 non-Hispanic white female controls. For the set 2 scan, cases were individuals with colorectal cancer from both arms of the trial who were not already included in set 1. Samples were excluded if participants did not sign appropriate consent forms, if DNA was unavailable, if baseline questionnaire data with follow-up evaluation were unavailable, if they had a history of colon cancer before the trial, if they had a rare cancer, if they were already in a colon GWAS, or if they were a control in the prostate or lung populations. Controls were frequency-matched 1:1 to cases without replacement, and cases were not eligible to be controls. Matching criteria were age at enrollment (2-year blocks), enrollment date (2-year blocks), sex, race/ethnicity, trial arm, and study year of diagnosis (ie, controls must be cancer free into the case's year of diagnosis).
Postmenopausal Hormones Supplementary Study
to the CCFR. Eligible case patients included all female residents, ages 50 -74 years, residing in the 13 counties in Washington State, reporting to the Cancer Surveillance, Epidemiology and End Results program, who were newly diagnosed with invasive colorectal adenocarcinoma (ICD-O C18.0, C18.2-C18.9, C19.9, C20.0 -C20.9) between October 1998 and February 2002. 21 Eligibility for all individuals was limited to those who were English speaking with available telephone numbers, through which they could be contacted. On average, cases were identified within 4 months of diagnosis. The overall response proportion of eligible cases identified was 73%. Community-based controls were selected randomly according to age distribution (in 5-year age intervals) of the eligible cases by using lists of licensed drivers from the Washington State Department of Licensing for individuals, ages 50 -64 years, and rosters from the Health Care Financing Administration (now the Centers for Medicare and Medicaid), for individuals older than age 64. The overall response proportion of eligible controls was 66%. In GECCO, samples with sufficient DNA extracted from blood were genotyped. Only participants who were not part of the CCFR Seattle site were included in the sample set.
VITamins And Lifestyle. The VITAL (VITamins And Lifestyle) cohort comprised 77,721 Washington State men and women aged 50 -76 years, recruited from 2000 to 2002, to investigate the association of supplement use and lifestyle factors with cancer risk. Subjects were recruited by mail, from October 2000 to December 2002, using names purchased from a commercial mailing list. All subjects completed a 24-page questionnaire and buccal-cell specimens for DNA were self-collected by 70% of the participants. Subjects were followed up for cancer by linkage to the western Washington Surveillance, Epidemiology and End Results cancer registry and were censored when they moved out of the area covered by the registry or at time of death. Details of this study have been described previously. 22 In GECCO, a nested casecontrol set was genotyped. Samples included colorectal cancer cases with DNA, excluding subjects with colorectal cancer before baseline; in situ cases; (large cell) neuroendocrine carcinoma; squamous cell carcinoma; carcinoid tumor; Goblet-cell carcinoid; and any type of lymphoma, including non-Hodgkin, Mantle cell, large B-cell, or follicular lymphoma. Controls were matched on age at enrollment (within 1 year), enrollment date (within 1 year), sex, and race/ethnicity. One control was selected randomly per case among all controls who matched according to the 4 factors described earlier and for whom the control follow-up time was greater than the follow-up time of the case until diagnosis.
Women's Health Initiative. The WHI (Women's Health Initiative) is a long-term health study of 161,808 post-menopausal women aged 50 -79 years at 40 clinical centers throughout the United States. WHI comprised a clinical trial arm, an observational study (OS) arm, and several extension studies. The details of WHI have been described previously 23, 24 and are available online (https:// cleo.whi.org/SitePages/Home.aspx). In GECCO, set 1 cases were selected from the September 12, 2005, database and comprised centrally adjudicated colon cancer cases from the OS arm who self-reported as white. Controls were first selected among controls previously genotyped as part of a hip fracture GWAS conducted within the WHI OS arm and matched to cases on age (within 3 years), enrollment date (within 365 days), hysterectomy status, and prevalent conditions at baseline. For 37 cases, there was no control match in the hip fracture GWAS. For these participants, we identified a matched control in the WHI OS arm based on the same criteria. In the set 2 scan, cases were selected from the August 2009 database and comprised centrally adjudicated colon and colorectal cancer cases from the OS and clinical trial arms who were not genotyped in set 1. In addition, case and control participants were subject to the following exclusion criteria: a prior history of colorectal cancer at baseline, institutional review board approval not available for data submission into dbGaP, and insufficient DNA available. Matching criteria included age (within years), race/ ethnicity, WHI date (within 3 years), WHI Calcium and Vitamin D study date (within 3 years), and randomization arms (OS flag, hormone therapy assignments, dietary modification assignments, calcium/vitamin D assignments). In addition, they were matched by the 4 regions of randomization centers. Each case was matched with 1 control (1:1) who met the matching criteria exactly. Control selection was performed in a time-forward manner, selecting one control for each case first from the risk set at the time of the case's event. The matching algorithm was allowed to select the closest match based on a criterion to minimize an overall distance measure. 25 Each matching factor was given the same weight. Additional available controls who were genotyped as part of the hip fracture GWAS were included to improve power.
Follow-up Studies
In the following, we describe each study population used in the follow-up study. For information on sample sizes and demographic factors please see Supplementary Table 1 .
Asia Colorectal Cancer Consortium. The study protocols were approved by relevant institutional review boards at all study sites, and all included subjects provided informed consent. Sample size, genotype platform, the number of SNPs used in imputation, and genomic inflation factors in each of the 5 studies are presented in Supplementary Table 8 .
Shanghai study 1 and 2. Colorectal cancer cases were derived from the Shanghai Women's Health Study 26 and the Shanghai Men's Health Study, 27 both population-based cohort studies that are being conducted in urban Shanghai, China. A total of 777 pathologically diagnosed colorectal cancer cases with DNA available were identified in participants from the Shanghai Women's Health Study and Shanghai Men's Health Study and included in this study. A total of 758 cancer-free controls were derived from the Shanghai Women's Health Study/ Shanghai Men's Health Study and frequency-matched to colorectal cancer cases by age and sex. To increase statistical power, we also included 2131 community female controls who were scanned using the Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix 6.0) as part of an ongoing GWAS of breast cancer. 28 A total of 481 cases and 2632 controls were genotyped using Affymetrix 6.0 (Shanghai Study 1). A total of 296 cases and 257 controls were genotyped using Illumina HumanOmniExpress BeadChip (Illumina OmniExpress) (Shanghai Study 2).
Guangzhou study 1. This study contributed 694 cases and 972 controls. Histopathologically diagnosed colorectal cancer cases were recruited from the Sun YatSen University Cancer Center between January 2002 and January 2012. Healthy controls were recruited from physical examination centers of several large general hospitals in Guangdong province communities. 29 At enrollment, controls reported no history of any cancer. All cases and controls were self-reported Han Chinese who lived in Guangdong Province at the time of recruitment. Blood samples from all cases and controls were obtained as the source of genomic DNA for the study.
Aichi study 1. This study is part of the Hospitalbased Epidemiologic Research Program at Aichi Cancer Center in Japan. 30 32 Subjects were interviewed at baseline to obtain exposure data. Cancer diagnoses were identified through 2008 using data from the national cancer registry and hospitalization records. For the study, we selected 325 colorectal cancer patients who provided a blood sample. Cancer-free cohort members (N ϭ 977) were selected randomly as controls.
Tennessee Colorectal Polyp Study. The Tennessee Colorectal Polyp Study was a colonoscopy-based, case-control study conducted in Nashville, Tennessee, from 2003 to 2011. 33 Eligible participants, aged 40 -75 years old, were identified from patients at the Vanderbilt Gastroenterology Clinic and the Veteran's Affairs Tennessee Valley Health System Nashville Campus. Participants were excluded if they had genetic colorectal cancer syndromes, a prior history of inflammatory bowel disease, prevalent adenomatous polyps, or any cancer other than nonmelanoma skin cancer. Colonoscopic procedures were performed and reported using standard clinical protocols and all pathology diagnoses were determined by hospital pathologists. Participants provided DNA either before or after colonoscopy (blood and buccal samples were collected). The analysis included only participants of Caucasian race.
Genotyping, Quality Assurance/QC, and Imputation GWAS in GECCO and CCFR. We conducted a meta-analysis of GWAS from 13 studies within the GECCO consortium (10,729 cases and 13,328 controls) and additional GWAS within the CCFR (1967 cases and 1785 controls). The GWAS from CCFR, which consisted of participants from sites in the United States, Canada, and Australia, included a population-based, case-control set (CCFR set 1, 1171 cases and 983 controls) genotyped using Illumina Human1M or Human1M-Duo, 6 and a sibling-pair set (CCFR set 2, 796 cases and 802 controls) genotyped using Illumina Omni1. The GECCO GWAS consisted of participants within The french Association STudy Evaluating RISK for sporadic colorectal cancer; Hawaiian Colorectal Cancer Studies 2 and 3; DACHS [Darmkrebs: Chancen der Verhütung durch Screening]; DALS; HPFS; MEC; NHS; OFCCR; PHS; Postmenopausal Hormone Study; PLCO; VITAL study; and the WHI. Phase one genotyping of a total of 1709 colon cancer cases and 4214 controls from PLCO, WHI, and DALS (PLCO set 1, WHI set 1, and DALS set 1) was performed using Illumina HumanHap 550K, 610K, or combined Illumina 300K and 240K, and has been described previously. 34 A total of 650 colorectal cancer cases and 522 controls from OFCCR were included in GECCO from previous genotyping using Affymetrix platforms. 3 A total of 5540 colorectal cancer cases and 5425 controls from the The french Association STudy Evaluating RISK for sporadic colorectal cancer, Hawaiian Colorectal Cancer Studies 2 and 3, DACHS set 1, DALS set 2, the MEC, Postmenopausal Hormone study, PLCO set 2, VITAL study, and WHI set 2 were genotyped successfully using Illumina HumanCytoSNP. A total of 2004 colorectal cancer cases and 2244 controls from HPFS, NHS, PHS, and DACHS set 2, as well as a total of 826 advanced adenoma cases and 923 controls from HPFS and NHS were genotyped successfully using Illumina HumanOmniExpress.
DNA was extracted from blood samples or, for a subset of DACHS, HPFS, MEC, NHS, and PLCO samples, and for all VITAL samples, from buccal cells, using conventional methods. All studies included 1%-6% blinded duplicates to monitor the quality of the genotyping. All individual-level genotype data were managed and underwent quality assurance and QC at the University of Southern California (CCFR sets 1 and 2), the OFCCR, the University of Washington Genetics Coordinating Center (HPFS, NHS, PHS, and DACHS set 2), or the GECCO Coordinating Center at the Fred Hutchinson Cancer Research Center (all other studies). Details on the quality assurance/QC can be found in Supplementary Table 2 . In brief, samples were excluded based on call rate, heterozygosity, unexpected duplicates, gender discrepancy, and unexpectedly high identity-by-descent or unexpected genotype concordance (Ͼ65%) with another individual. All analyses were restricted to samples clustering with the Utah residents with northern and western European ancestry from the CEU population in principal component analysis, including the HapMap II populations as reference. SNPs were excluded if they were triallelic, not assigned an rs number, or were reported or observed as not performing consistently across platforms. In addition, genotyped SNPs were excluded based on call rate (Ͻ98%), lack of HWE in controls (P Ͻ 1 ϫ 10 Ϫ4 ), and MAF (Ͻ5% in set 1 for PLCO, WHI, DALS, and OFCCR; Ͻ5/number of samples for remaining studies).
Because imputation of genotypes is established as standard practice in the analysis of genotype array data, all autosomal SNPs from all studies were imputed to the CEU population in HapMap II release 24, with the exception of OFCCR, which was imputed to HapMap II release 22. CCFR sets 1 and 2 were imputed using IMPUTE (available at: https://mathgen.stats.ox.ac.uk/ impute/impute.html), 35 OFCCR was imputed using BEAGLE (available at: http://faculty.washington.edu/ browning/beagle/beagle.html), 36 and all other studies were imputed using MACH (available at: www.sph. umich.edu/csg/abecasis/MACH/tour/). 37 Imputed data were merged with genotype data such that genotype data preferentially were selected if a SNP had both types of data, unless there was a difference in terms of reference allele frequency (Ͼ0.1) or position (Ͼ100 base pairs), in which case imputed data were used. Given the high agreement of imputation accuracy among MACH, IM-PUTE, and BEAGLE, 38 the common practice to use different imputation programs is unlikely to cause heterogeneity 39 and it has become common practice to combine results across SNPs imputed using different programs. As a measurement of imputation accuracy we calculated R 2 . Analyses of imputed data had different QC cut-off values than those for directly genotyped SNPs discussed earlier and were restricted to SNPs with either a MAF of 1% or greater or an R 2 value greater than 0.3, with the exception of CCFR set 2, which was restricted to SNPs with both a MAF of 1% or greater and an R 2 value of 0.3 or greater. After imputation and QC, a total of 2,708,280 SNPs were used in the meta-analysis of the GECCO and CCFR studies.
Follow-up studies. We selected the 10 most statistically significant regions (excluding known GWAS loci) based on the P value from the GECCO and CCFR meta-analyses for follow-up evaluation in colorectal cancer studies in Asian populations and adenoma studies in populations of European descent.
The Asian colorectal cancer follow-up study comprised a meta-analysis of 5 studies conducted in China, Japan, and South Korea, including 2293 colorectal cancer cases and 5780 controls. Cases and controls were genotyped using multiple SNP arrays, including Affymetrix Genome-Wide Human SNP Array 6.0, Affymetrix Genome-Wide Human SNP Array 5.0, Illumina Infinium HumanHap610 BeadChip, Illumina Human610-Quad BeadChip, and Illumina HumanOmniExpress BeadChip. Samples were excluded based on low call rate (Ͻ95%), heterozygosity, unexpected duplicates, gender discrepancy, and outlying population substructure. After quality control exclusions, 2098 cases and 5749 controls remained in the analysis. SNPs were excluded for low call rate (Ͻ95%), low genotype concordance (Ͻ95%) among positive QC samples, an MAF less than 5%, or an HWE P value less than 1 ϫ 10 Ϫ5 in controls. For each of the 5 studies, SNPs were imputed for autosomal SNPs that were present in HapMap Japanese in Tokyo, JapanϩHan Chinese individuals from Beijing, China Phase 2 release 22 using MACH. 37 SNPs with an R 2 value greater than 0.5 were included in the analysis.
The colorectal adenoma follow-up study consisted of a US-based GWAS of 1049 cases and 987 controls. 33 DNA extracted from blood and buccal samples were genotyped using the Affymetrix Genome-Wide Human SNP Array 5.0. Samples were excluded based on low call rate (Ͻ95%), heterozygosity, unexpected duplicates, gender discrepancy, identity-by-descent, and outlying population substructure. After quality control exclusions, 958 cases and 909 controls remained in the analysis. SNPs were excluded for low call rate (Ͻ95%), MAF less than 1%, or HWE P value less than 1 ϫ 10 Ϫ6 . After quality control exclusions, a total of 402,326 SNPs remained in the analysis. Data were imputed to the 1000 Genomes Project and HapMap Phase 3 using IMPUTE. 35 SNPs with an R 2 value greater than 0.5 were included in the analysis.
Details on Functional Annotation Findings Using Bioinformatic Databases
There are several bioinformatic tools available for the post-GWAS functional characterization of putative disease-causing loci through the University of California, Santa Cruz genome browser. 40 Annotation of non-protein-coding regions operates under the hypothesis that trait-associated alleles exert their effects by influencing transcriptional levels through multiple regulatory mechanisms. The University of California, Santa Cruz genome browser provides several tracks that can be used to annotate enhancers, promoters, insulators, and silencers 40 (for details see Supplementary Table 9 ). Such tools help expedite the discovery of causal variants by isolating a few likely culprits from a large background of variants in linkage disequilibrium with the surrogate marker (tag SNP). Because distal enhancers often facilitate cell-typespecific expression, it is helpful to look for evidence in a variety of cell lines in addition to those related to the trait. For example, the ENCODE (availble at: http:// genome.ucsc.edu/ENCODE/) transcription summary track assayed by RNA-sequencing can be displayed as an overlay of histograms denoting expression levels in various tissues marked by a specific color, thus allowing identification of cell-type-specific expression.
Similarly the histone modification tracks can provide additional evidence for cell-specific regulatory elements when displayed in this configuration. The methylation and acetylation of histone proteins changes chromatin accessibility for transcription and such marks can serve as a powerful tool for identifying both enhancer and promoter regions. There are 3 summary ENCODE tracks available to detect specific chemical modifications and were assayed in 7 different tissues using chromatin immunoprecipitation sequencing methodology. The H3K4me1 histone mark is associated with enhancers downstream of transcription start sites. The H3k27Ac histone mark is similarly thought to enhance transcription and likely does so through the blocking of the repressive histone mark H3K27Me3. The last histone modification in the summary tracks, H3K4Me3, is associated with active promoters. Additional chemical modifications and cell lines are available under the Broad Institute histone modification track for further interrogation.
Regulatory regions are susceptible to DNase cutting and ENCODE has assayed this hypersensitivity in a large collection of cell types. The precision of the DNase cluster track is somewhat better than that of chromatin modifications. Identification of evolutionarily conserved segments, phylogenetic footprints, has been used to discover functionally important regions. However, histone marks and DNase hypersensitivity tracks are more robust tools for characterizing regulatory regions because these elements are not always constrained across vertebrate evolution. Functional hypotheses around regulatory regions can be strengthened with the ENCODE transcription factor track. By using the chromatin immunoprecipitation sequencing method, this track helps to identify the alteration of transcription factor binding sites, which potentially alter expression levels. As an example, CCCTC-binding factor is a transcription factor that assumes multiple forms and can act as an activator, a repressor/silencer, or an insulator. When binding chromatic insulators, it can prevent interactions between promoters and nearby enhancers or silencers. However, it also mediates long-range chromatin looping, which can bring enhancers in proximity of a gene's promoter. Combining the strengths and weaknesses of each of these tracks can provide in silico evidence for regulatory function, and enables selection of strong candidates for additional functional studies using reporter gene methods. a All platforms were Illumina assays, except for OFCCR, which was genotyped using Affymetrix platforms. b Directly genotyped SNPs were excluded for a call rate less than 98%, HWE less than 1 ϫ 10 Ϫ4 , MAF less than 5 for WHI set 1, PLCO set 1, DALS set 1, and OFCCR set 1; MAF less than 5 per number of samples for remaining studies, and if SNPs reportedly did not perform consistently across platforms. c Blinded duplicates were assessed across DALS set 1, PLCO set 1, and WHI set 1; exact concordance was not recorded, but all 98 pairs were identified as having concordance greater than 97%. , we find that the SNP lies within a strong evolutionarily constrained region. Below this track, evidence from the H3K4me1 and H3K27Ac marks are consistent with rs10911205 falling within a region of coordinated, cell-type-specific activity, most active in K562 (blue) cells and human skeletal muscle myoblasts (green) cells. The DNase and transcription factor chromatin immunoprecipitation sequencing (ChIP-seq) clusters shown in the last 2 tracks summarize data from a much wider range of cell lines and further supports tissue-specific accessibility for regulatory elements in the region surrounding rs10911205. The r 2 value of rs10911205 with rs10911251 was 0.862. Taken together, evidence provided by the ENCODE integrated regulation tracks is consistent with rs10911205 being a strong functional candidate SNP for the strong rs10911251 association with colorectal cancer.
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